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Mechanically induced fcc phase formation in nanocrystalline hafnium
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Department of Mechanical, Materials and Aerospace Engineering, University of Central Florida, Orlando,
Florida 32816-2450, USA
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A face-centered-cubic 共fcc兲 phase was obtained in high-purity hafnium 共Hf兲 metal powders
subjected to mechanical milling in a high-energy SPEX shaker mill. X-ray diffraction and electron
microscopy techniques were employed to evaluate the structural changes in the milled powder as a
function of milling time. The effects of mechanical milling included a reduction in grain size, an
increase in lattice strain, and formation of an fcc phase instead of an equilibrium
hexagonal-close-packed 共hcp兲 phase. During milling, the grain size of Hf decreased to below about
7 nm. Additionally, there was approximately 6% increase in atomic volume during the formation of
the fcc phase. Chemical analysis of the milled powder indicated the presence of significant amounts
of interstitial impurities. Even though any or all of the above factors could contribute to the
formation of the fcc phase in the milled powder, it appears that the high level of interstitial
impurities is at least partially responsible for the formation of the fcc phase. © 2009 American
Institute of Physics. 关DOI: 10.1063/1.3100037兴
I. INTRODUCTION

Nanocrystalline materials have been receiving the serious attention of researchers in recent years. This has been
essentially due to the fact that in comparison to the coarsegrained materials, nanocrystalline materials possess different
and often superior mechanical, electrical, and magnetic
properties.1–5 In addition to the improvement in properties,
there have also been several reports on constitutional
changes and phase transformations in materials that have nanometered grain sizes. These transformations include allotropic transformations in pure metals,6–10 alloys,11 and
compounds.12 It has also been reported that solid solubility
limits could be significantly increased by nanostructure
pressing.13,14 Thus, there appears to be great potential in altering the crystal structure and, consequently, the properties
of nanocrystalline materials. In addition to these experimental observations, there have also been some theoretical studies which reported that allotropic transformations could be
induced in pure metals when their grain sizes reach below
some critical values.15 Crystal lattice distortion and interfacial effects were found to be the reasons for structural instability.
During a detailed investigation on the effects of mechanical alloying on the amorphization behavior and constitution of Cu–Hf binary powder mixtures containing about
35 at. % Hf, we noted the formation of a face-centeredcubic 共fcc兲 phase with a lattice parameter of 0.4566 nm.16
Occurrence of such an fcc phase in the Cu–Hf system could
not be explained on the basis of formation of a supersaturated solid solution of Hf in Cu achieved by mechanical
alloying methods. It was also not possible to explain this
observation on the basis of a metastable intermetallic phase
with the composition of either Cu2Hf or Hf2Cu having the
CaF2-type crystal structure. Since it is possible that the equia兲
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librium hexagonal-close-packed 共hcp兲 form of Hf could undergo an allotropic transformation into the fcc form under
the nonequilibrium conditions of mechanical alloying, it was
decided to investigate whether this is a possibility in the pure
metal Hf. Thus, we report here the hcp→ fcc phase transformation in nanostructured elemental hafnium induced by mechanical milling 共MM兲. Under equilibrium conditions, Hf exists in the hcp form with a = 0.3195 nm, c = 0.5051 nm, and
c / a = 1.581 up to 1743 ° C. Above this temperature, it transforms into the body-centered-cubic 共bcc兲 form with a
= 0.3610 nm.17
MM is a milling process that involves repeated cold
welding, fracturing, and rewelding of powder particles in a
high-energy ball mill. MM results in structural and microstructural modifications, including formation of metastable
phases, phase transformations, and synthesis of materials
with ultrafine grain sizes, down to nanometer
dimensions.18,19
II. EXPERIMENTAL PROCEDURE

Elemental hafnium 共⬎99 wt % purity兲 of ⫺325 mesh
共⬃45 m particle size兲 was milled in a high-energy SPEX
8000D Mixer mill. The milling was done in a stainless steel
container using hardened stainless steel balls with a ball-topowder weight ratio of 10:1. About 1 wt % of stearic acid
was used as a process control agent to minimize/avoid cold
welding of powder particles between themselves and the
milling container. The loading, unloading, and general handling of the hafnium powder was carried out in an argonfilled glove box.
Structural evolution in the milled powder was studied
using x-ray diffraction 共XRD兲 employing Cu K␣ radiation.
The crystal structure and lattice parameters were determined
using standard XRD methods.20 The average crystallite size,
t, in the milled powders was determined from the width of
the x-ray peaks using the Scherrer equation,
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FIG. 2. 共Color online兲 Variation in the fraction of the fcc phase formed in
mechanically milled Hf powder as a function of milling time. While the
transformation from the hcp into the fcc phase started on milling the powder
for 0.5 h, the transformation was complete in about 5 h.

FIG. 1. 共Color online兲 XRD patterns of the pure metal powder hafnium
mechanically milled from 0.5 to 10 h. While all the diffraction peaks characteristic of the hcp phase with the expected lattice parameters were present
in the starting powder, a completely new fcc phase started appearing on
milling the powder for as short as 0.5 h. The hcp→ fcc phase transformation
was complete at 5 h of milling. No further changes were detected on continued milling up to 10 h.

t=

0.9
,
B cos 

共1兲

where  is the wavelength of the x radiation used, B is the
full width at half maximum intensity, and  is the Bragg
angle. The lattice strain in the milled powder was also determined after subtracting the contributions due to instrumental
effects and crystallite size to the width of the x-ray reflections.
III. RESULTS

Figure 1 shows the XRD patterns of Hf as a function of
milling time. The as-received powder showed all the peaks
expected from the hcp structure with the lattice parameters
a = 0.3196 nm and c = 0.5054 nm. On milling the powder,
the diffraction peaks became broader due to grain refinement

and introduction of lattice strain. But after milling for as
short as 0.5 h, some new diffraction peaks, although with
low intensity, started appearing. The intensity of these new
peaks continued to increase with milling time, and that of the
hcp peaks decreased. Such a situation continued for 5 h when
the peaks characteristic of the hcp phase were completely
absent, and therefore, it could be concluded that the hcp
phase has completely transformed into this new phase. All
the peaks of this new phase could be most satisfactorily indexed on the basis of an fcc structure. Based on the appropriate extrapolation functions to obtain the precise lattice parameter, it was noted that the lattice parameter for this new
fcc phase was a = 0.4566 nm. No further structural changes
in the powder occurred even after milling the powder for
longer periods of time, say, 10 h.
Figure 2 shows the fraction of the fcc phase formed in
the milled Hf powder as a function of milling time. It was
noted that the kinetics of formation of the fcc phase were
quite fast in the early stages of milling, and then they decreased at a later stage. Complete transformation from the
hcp into the fcc phase took place in about 5 h.
Formation of the fcc phase was confirmed through electron diffraction methods also. Figure 3 shows the electron
diffraction pattern from the powder milled for 5 h. The pat-

FIG. 3. 共Color online兲 Electron diffraction pattern of the Hf powder milled for 5 h, confirming the presence of only an fcc phase at this stage.

063524-3

J. Appl. Phys. 105, 063524 共2009兲

U. M. R. Seelam and C. Suryanarayana

powder for 5 h. Since there is no stable equilibrium phase of
Hf with the fcc structure, it can be assumed that this is a
metastable form of Hf formed under the nonequilibrium conditions of MM. Therefore, it becomes important for us to
investigate the reasons for its formation.
Assuming that the Hf metal has undergone an allotropic
transformation, we can calculate the lattice parameter of the
hypothetical fcc phase of Hf on the basis of the lattice parameters of the equilibrium hcp structure and using the relationship
afcc = 冑 2 ⫻ ahcp = 冑 2 ⫻ 0.3195 nm = 0.4517 nm.

FIG. 4. 共Color online兲 Variation in the crystallite size in both the hcp and fcc
phases of hafnium as a function of milling time. The crystallite size decreased rapidly in the early stages of milling and reached a minimum value
of about 3 nm in the fcc phase.

tern was indexed on the basis of an fcc structure with the
lattice parameter a = 0.45 nm, and this value is very close to
the result obtained from the XRD patterns.
The crystallite 共grain兲 size of both parent hcp and product fcc phases was measured at different milling times, and
the results are shown in Fig. 4. The crystallite size variation
is typical of mechanically milled powders. The grain size
decreased initially at a very fast rate and reached about 10
nm on milling the powder for 1 h. From then onward, the
rate of decrease in crystallite size was slow. The minimum
crystallite size achieved in the hcp phase was 5 nm. The
crystallite size of the fcc phase at the start of its formation
was approximately 7 nm and decreased slowly to a value of
3 nm at 5 h, suggesting that the formation of this phase could
probably be associated with grain size reduction into the nanometer range.
The variation in lattice strain in the milled powder in
both the hcp and fcc forms of Hf was estimated from the
peak widths, and the values are plotted in Fig. 5. The lattice
strain increased in both the cases with milling time. While
the strain was compressive in nature when the powder was in
the fcc form, it was tensile in the hcp form.
IV. DISCUSSION

From the above results, it becomes clear that an fcc
phase had formed on mechanically milling the Hf metal

FIG. 5. 共Color online兲 Variation in lattice strain in the mechanically milled
Hf powder as a function of milling time. Note that the strain increases with
increasing milling time 共up to the time investigated兲 and that the strain is
compressive in nature in the fcc form of Hf.

共2兲

Assuming an ideal axial ratio of 1.633 for the hcp structure
of Hf, even though this is not actually true, and it is 1.581,
the lattice parameter of the fcc phase can also be calculated
using the relationship
afcc = 冑 2 ⫻ 共chcp/1.633兲 = 冑 2 ⫻ 共0.5051 nm/1.633兲
共3兲

= 0.4374 nm.

Alternatively, assuming that the closest distance of approach between two atoms, 2r, in a hcp structure with a
nonideal axial ratio is given by
2r =

冑

a2 c2
+ ,
3
4

共4兲

the lattice parameter of the hypothetical fcc phase formed
from such a hcp structure is calculated to be 0.4422 nm.
It has also been suggested21 that the closest distance of
approach between atoms in the hcp structure is along the
具202̄3典 directions and is given by

冋 冉 冊册

a 4+3
2r =

c
a

2 冑3

2 1/2

.

共5兲

According to this equation, the closest distance of approach
in the hcp structure of Hf is calculated to be 0.3128 nm, and
therefore, the lattice parameter of the hypothetical fcc phase
is 0.4422 nm.
Thus, the lattice parameters of the fcc phase calculated
by any of the above four methods are somewhat close to
each other, differing only by about 3%. The lattice parameter
of the fcc phase formed in the Hf powder in the present
investigation 共0.4566 nm兲 is slightly larger than any of these
values. We will see later that this increase is related to the
nanostructured grains formed, and possibly to contamination,
in the milled powder.
Allotropic phase transformations in pure metals can occur due to changes in temperature, pressure, or alloying additions. Additionally, changes in microstructural parameters
such as grain size, surface energy, and stacking-fault energy
can have a significant influence in affecting these transformations. Stabilization of some phases due to the presence of
impurities, especially during mechanical alloying/milling of
powders, is also well known.18,19,22 Let us now look at the
different possibilities to explain the occurrence of the hcp
→ fcc transformation in elemental Hf.

063524-4
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A. Effect of temperature

As mentioned earlier, Hf exists in the hcp form at room
temperature and transforms into the bcc form, which is stable
at temperatures ⬎1743 ° C. The process of MM takes place
at or near room temperature. But due to the high-energy
milling conditions, a slight rise in powder temperature is
reported to occur. There have been different estimates of the
local temperature rise, but it is now accepted that it is not
more than about 200 ° C.18,19,23 Thus, this temperature rise
obtained during milling is not sufficient enough to cause any
crystal structure change in the Hf powder. Further, irrespective of whether the temperature rise is responsible for this
transformation or not, there is no reported stable phase of Hf
with the fcc structure at high temperatures. Therefore, formation of an fcc phase in Hf due to changes in temperature can
be completely ruled out.
B. Effect of pressure

Allotropic phase transformations in pure metals due to
application of high pressures have been known for a long
time.24 New metastable phases have also been reported to
form at relatively high pressures.25 It has been estimated that
very high pressures of the order of 6–8 GPa could be developed during mechanical alloying/milling due to the impact
forces exerted by the grinding medium on the powders.26 But
there have not been any reports of formation of an fcc phase
in Hf under high pressures so far. Thus, even though it is
possible that this fcc phase could be a high-pressure polymorph of Hf, this fact can only be confirmed if an fcc form
of Hf is obtained by subjecting the pure metal Hf to regular
high pressures and not inside the SPEX milling container.
C. Effect of stacking-fault energy

Metals with low stacking-fault energy, e.g., Co, are expected to easily undergo allotropic transformations through a
twinning
mechanism,
similar
to
a
martensitic
transformation.27 This has been reported in mechanically
milled metal powders also.6 Thus, a possibility for the hcp
→ fcc allotropic transformation in Hf in the present study is a
twinning process. Formation of twins occurs easily in materials with a low stacking-fault energy.28 But Igarashi et al.29
estimated the stacking-fault energy of Hf to be about
111 mJ/ m2. This value is neither very low 共20– 40 mJ/ m2兲
like that in Co or austenitic stainless steel nor very high
共200 mJ/ m2兲 like that in Al. However, formation of twins
has been reported to occur in the so-called high stackingfault energy metals also when they exist in the nanocrystalline state. Accordingly, twins were reported to form in cryomilled nanocrystalline Al,30,31 as predicted by molecular
dynamics simulation studies.32 It has been suggested that the
stacking-fault energy of a metal decreases with a decrease in
the grain size to nanometer dimensions and helps in the formation of twins. A rationale was recently provided for the
strong dependence of mechanical twinning on grain size.33
Since the grain size obtained in the present investigation is in
the nanometer range, it is possible that low stacking-fault
energy 共and consequently twinning兲 could be the reason for
the formation of the fcc phase in Hf.

Zheng et al.34 recently reported, through molecular dynamics simulations, that the hcp→ fcc transformation in
nanocrystalline cobalt during tension and compression was
due to the accumulation of deformation faults.
D. Effect of nanocrystallinity

From Fig. 4 it is clear that the fcc-Hf phase produced in
this investigation is nanocrystalline in nature with a typical
crystallite 共grain兲 size of a few nanometers. Since nanocrystalline materials are characterized by small grain sizes and a
large volume fraction of atoms residing at the grain boundaries 共and therefore large surface areas兲, the thermodynamic
stabilities of the different phases could be significantly
altered.1–5 Consequently, it has been possible to synthesize
metastable phases that are different from those present in
their coarse-grained counterparts. Further, a significant
amount of strain is also stored in the lattice of the milled
powder 共Fig. 5兲. Therefore, it is worthwhile to consider the
effects of nanocrystallinity on the thermodynamic stabilities
of the competing phases in Hf under the conditions of MM.
The different factors that contribute to the free energy of
the nanocrystalline system are the surface energy, excess free
volume, and lattice strain. The contribution to the increase in
the free energy in a nanocrystalline material has to be considered in terms of the decreased grain size and associated
increase in the grain boundary component.
A reduction in grain size 共L兲 leads to an increase in the
free energy ⌬G of the system due to the Gibbs–Thompson
effect according to the equation35
⌬G =

4 ␥ N AV a
,
L

共6兲

where ␥ is the interfacial energy, NA is the Avogadro’s number, and Va is the atomic volume. The atomic volumes of Hf
in the hcp and fcc forms were calculated, from the respective
lattice parameter values, as Vhcp = 0.0223 nm3 and Vfcc
= 0.0236 nm3, suggesting that the hcp→ fcc transformation
is associated with an approximately 6% volume increase.
Such lattice expansions on phase transformations and/or on
decreasing the grain size were reported earlier in Nb,36 Ni,37
Ti,9 and Zr,8 among others. This increase in Va is expected to
result in an increase in the free energy of the system.
On the other hand, it has been shown earlier38 that atoms
in the grain boundaries of nanocrystalline materials are randomly displaced from their regular atomic sites, and therefore they contain a certain amount of excess free volume.
The excess free volume ⌬VF associated with the atoms in the
grain boundaries can be calculated using the equation
⌬VF =

共L + ⌬/2兲2 − L2
,
L2

共7兲

where L is the grain size and ⌬ is the grain boundary width.
Even though ⌬ has been traditionally assumed to be 1 nm
and independent of grain size,39 it has been shown recently36
that the value of ⌬ changes with the grain size of the nanocrystalline material and that it increases with a decrease in
the grain size. This excess free volume generates a negative
hydrostatic pressure 共from core to periphery兲 and could result

063524-5
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TABLE I. Structural parameters of pure Hf and the interstitial phases with an fcc structure in the Hf–C and
Hf–N systems.

Phase

␣-Hf
␤-Hf
HfC
HfN

Crystal structure
共prototype,
Strukturbericht
designation兲
hcp
共Mg, A3-type兲
bcc
共W, A2-type兲
fcc
共NaCl, B1-type兲
fcc
共NaCl, B1-type兲

Lattice parameters
Pearson
symbol

Space
group

Composition range
of stabilitya
共at. %兲

hP2

P63 / mmc

100% Hf

0.3195

0.5051

cI2

Im3̄m

100% Hf

0.3610

¯

cF8

Fm3̄m

37.5– 49.5 at. % C

0.4633

¯

cF8

Fm3̄m

46– 52.5 at. % N

0.4525

¯

a
共nm兲

c
共nm兲

a

At room temperature.

in crystal lattice expansion. At a grain size of d = 7.5 nm, the
value of ⌬VF has been calculated to be 0.14.
Rose et al.40 used a lattice dilatation model known as the
isothermal equation of state, which was subsequently
adopted by Fecht41 to calculate the hydrostatic pressure at
the grain boundaries in nanocrystalline materials. The hydrostatic pressure Ph was calculated using the equation
Ph = −

3Bo关共V/Vo兲1/3 − 1兴
exp共− aⴱ兲 ⫻ 关1 − 0.15aⴱ
共V/Vo兲2/3

+ 0.05共aⴱ兲2兴,

共8兲

where Bo is the equilibrium bulk modulus, Vo is the volume
per atom of the equilibrium coarse-grained material, V is the
volume per atom in the nanocrystalline state, and aⴱ is the
scaling parameter defined as 共rWS − rWSe兲 / L, where rWS is the
real Wigner–Seitz cell radius of the atom with a volume V,
rWSe is the Wigner–Seitz cell radius of the atom with a volume Vo, and L is the length scale 共grain size兲 characteristic of
the metal. It is to be noted that ⌬VF in Eq. 共7兲 is related to
Eq. 共8兲 through the relationship
⌬VF =

V − Vo
.
Vo

共9兲

Using the appropriate values for the different parameters, Ph
has been calculated to be ⫺10.5 GPa for a grain size of 7.5
nm in Hf.
The product of the negative hydrostatic pressure and
atomic volume change 共difference in the atomic volumes of
the hcp and fcc forms of Hf兲, i.e., Ph ⫻ ⌬Va, is an energy
term, and these values can be calculated as a function of
grain size. It is noted that the energy increases with a decrease in grain size. For the grain size of 7.5 nm observed in
the present study, the Ph ⫻ ⌬Va value has been calculated to
be 3450 cal/mol. Kaufman42 has theoretically estimated the
free energy change necessary for the transformation of metals from the hcp into the fcc structure as 800 cal/mol. This
amount of energy can be obtained when the grain size of the
Hf metal is reduced to about 18.7 nm. That is, below a grain
size of 18.7 nm, the Hf metal has sufficiently high energy to
transform from the hcp into the fcc structure. Since the grain
size obtained in the milled Hf powder 共with the fcc structure兲
was 7.5 nm 共and therefore the energy available is large兲, it

can be argued that the excess energy present, as a result of
reduction in grain size, could have stabilized the fcc phase in
Hf.
The increase in energy due to the combination of the
above effects may eventually cause a high order of lattice
instability, and consequently the hcp phase of Hf could adopt
a new polymorph with greater topological or surface density
of atoms, but without altering the crystal packing density
共=74%兲.8,9,11 Thus, the hcp→ fcc transformation observed in
elemental Hf in this investigation can be considered an allotropic transformation.
It has been frequently highlighted in the literature on
crystal chemistry that metals in the same group of the periodic table have the same 共or similar兲 crystal structures. Thus,
under equilibrium conditions, the group IV transition metals
Ti, Zr, and Hf have the hcp crystal structure at room temperature and transform into the bcc structure at elevated temperatures. Formation of metastable fcc allotropes has been
reported to occur in mechanically milled Ti 共Ref. 9兲 and Zr
共Ref. 8兲 powders. Therefore, it can be expected that a similar
metastable fcc phase would form in mechanically milled Hf
powder, and the result obtained in the present investigation
fulfills this expectation.
E. Presence of impurities

This is yet another possibility for a phase transformation
to occur in pure metals. Since we are dealing with only a
pure metal in this investigation, the presence of alloying elements as responsible for the formation of an fcc phase can
be ruled out. But the technique of mechanical alloying/
milling is known to introduce impurities 共both substitutional
and interstitial兲 into the milled powder, and this has been
recognized as a serious limitation of the technique in developing novel materials for advanced applications. The impurities could be either metallic in nature from the milling medium and/or the milling container or gaseous from the
ambient atmosphere in which the milling is done or the process control agent added occasionally to minimize excessive
cold welding between ductile metal particles.19
Interstitial phases with an fcc structure are present in the
Hf–C and Hf–N systems. Table I lists the crystal structures
and lattice parameters of these phases. The lattice parameter
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FIG. 6. 共Color online兲 Comparison of the relative intensities of the first five
diffraction peaks of the fcc structure 共111, 200, 220, 311, and 222兲 for four
different cases—experimentally observed fcc phase, hypothetical fcc phase
of Hf, NaCl 共B1兲–type HfC, and NaCl 共B1兲–type HfN. Note that the observed intensities seem to match better with the hypothetical fcc phase.

of the fcc phase synthesized by MM of Hf powders was
calculated as a = 0.4566 nm. Comparison with the values in
Table I clearly suggests that the fcc phase obtained in this
investigation has a lattice parameter smaller than that of HfC
共a = 0.4633 nm兲 but larger than that of HfN 共a
= 0.4525 nm兲. Thus, we need to decide whether it is possible
for the new fcc phase formed in the milled Hf powder to be
either HfC or HfN.
Further, assuming that the HfN phase may also exist in a
metastable condition with the ZnS, B3-type 共cubic兲 structure,
the lattice parameter for this hypothetical phase was calculated to be 0.4883 nm. Since this value is substantially larger
than the experimentally observed value, the possibility that
the observed fcc phase in the present investigation could be
the ZnS-type cubic HfN has been discounted.
Apart from a match of the diffraction angles, the relative
intensities of the different diffraction peaks in the structure
also need to match to ensure that the structure assigned to it
is correct. Accordingly, the relative intensities, Irel of the first
five allowed reflections in the fcc structure; viz., 111, 200,
220, 311, and 222 have been calculated using the equation
Irel = 兩Fhkl兩2 p

冉

冊

1 + cos2 2
,
sin2  cos 

共10兲

where Fhkl is the structure factor for the hkl reflection, p is
the multiplicity factor, 共共1 + cos2 2兲 / 共sin2  cos 兲兲 is the
Lorentz-polarization factor, and  is the Bragg angle. The
intensity values were calculated for three different crystal
structures, viz., B1-type HfC, B1-type HfN, and hypothetical
fcc form of Hf. Figure 6 compares these calculated intensities with the intensities observed for the fcc phase in the
present investigation.
A few general observations may be noted from this figure. First, it is clear that the trend of variation in the intensities for the different diffraction peaks is the same for all the
four structures—observed fcc phase, hypothetical fcc Hf,
NaCl 共B1兲–type HfC, and NaCl 共B1兲–type HfN phases. Second, it may be noted that the intensities of the hypothetical
fcc-Hf phase and the observed fcc phase are somewhat lower

than those of the HfC and HfN phases for the 200, 220, 311,
and 222 reflections 共except for a small reversal between
fcc-Hf and HfC phases for the 311 reflection兲. In fact, the
intensities of the observed fcc phase are significantly lower
than those calculated for the HfC and HfN phases but much
closer to those of the hypothetical fcc-Hf phase. Therefore,
from these intensity calculations, it is very unlikely that the
observed fcc phase in the present investigation is either the
B1-type HfN or HfC phase. It is more likely that it is the
hypothetical 共metastable兲 fcc phase of Hf.
In addition to the diffraction angles and relative intensities of the different diffraction peaks, it is also important to
ensure that the chemical composition of the new phase
matches with that of the identified phase. According to the
binary Hf–N and Hf–C phase diagrams, the HfN phase exists
over a composition range of 46– 52.5 at. % N, and the HfC
phase in the composition range of 37.5– 49.5 at. % C, at
room temperature. This means that for the homogeneous
HfN and HfC phases to form in the milled powder, one needs
a minimum of 46 at. % N and 37.5 at. % C, respectively.
Conventional wet chemical analysis of the Hf powder
milled for 5 h showed that the nitrogen content in the powder
was a maximum of 14 and 12 at. % on milling for 5 and 10
h, respectively, in the worst possible milling condition.
共Since the chemical analysis was done some time after the
powders were milled, it is possible that the powders picked
up additional nitrogen during storage.兲 Even though these
values are slightly high 共the nitrogen contamination was
much less when proper precautions were taken兲, they are not
high enough to form the HfN phase. According to the Hf–N
binary phase diagram, the solid solubility of nitrogen in
hafnium at room temperature is 29 at. %, and therefore, only
an interstitial solid solution of nitrogen in hcp-Hf is expected
to form up to this nitrogen level. But we did not detect the
presence of any hcp phase along with the fcc phase in the
powder milled for 5 h or longer. This observation suggests
that with the amount of nitrogen present, it is not possible to
produce even a small amount of the HfN phase in the milled
powder and that the fcc phase observed in the milled powder
cannot be the HfN phase. A Hf共N兲 solid solution phase with
a hcp structure is also not present in the milled powder.
Similarly, the carbon content in the Hf powder was
10 at. % on milling for 5 h and 9 at. % in the powder milled
for 10 h. These values are again not high enough for any HfC
to form in the powder. Accordingly, it is fair to assume that
the new fcc phase formed in the milled Hf powder is neither
HfN nor HfC.
Significant levels of impurities were also earlier reported
in mechanically milled titanium9 and other metals, and these
authors also had discounted the possibility of the new fcc
phases being interstitial compounds containing nitrogen, carbon, or oxygen. In view of these observations, it will be
difficult to interpret the formation of the fcc phase in the
milled Hf powder purely as a contaminant phase.
From the above discussion, it appears that it will be difficult to decide the origin of the fcc phase in the milled Hf
powder. Three possibilities stand out—one is the allotropic
transformation, the second is the nanocrystalline nature of
the powder, and the last is powder contamination. It cannot
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nant phase. At present it is not clear whether the fcc allotrope
has formed first, and subsequently the contaminant phase has
formed due to contamination of the powder, or the contaminant fcc phase has triggered the allotropic transformation.
Additional and detailed investigations are required to unambiguously determine whether a true allotropic transformation
occurs in Hf.
V. CONCLUSIONS
FIG. 7. 共Color online兲 Variation in the lattice parameter of the Hf共N,C兲
phase as a function of carbon content. From this plot, the lattice parameter
of 0.4566 nm observed for the fcc phase in the present investigation corresponds to a carbon content of 19 at. % and a nitrogen content of 31 at. %,
or in the ratio of approximately 2:3.

be determined unambiguously that an allotropic transformation occurs in the pure metal Hf since the powder contained
significant amount of nitrogen and carbon as impurities. But
the powder contamination by either nitrogen or carbon alone
is not sufficiently high to homogeneously form either HfN or
HfC. However, if we consider that the fcc phase formed in
the milled powder is a solid solution of these two phases, i.e.,
hafnium carbonitride 关Hf共N,C兲兴 with unequal proportions of
carbon and nitrogen, it may be possible to resolve the confusion to some extent.
Assuming that the HfN and HfC phases form an isomorphous system and that the system obeys Vegard’s law 共linear
variation of lattice parameter with solute content兲, Fig. 7
plots the variation in the lattice parameter of the Hf共N,C兲
phase as a function of carbon content. If we assume that the
fcc phase formed in the present investigation is a contaminant Hf共N,C兲 phase, the calculated lattice parameter of
0.4566 nm for the fcc phase corresponds to a carbon content
of 19 at. % and a nitrogen content of 31 at. %, or in the
ratio of 0.38–0.62 共and the rest Hf兲. Thus, it can be estimated
that the fcc phase has a stoichiometry of Hf共C0.4N0.6兲. But
the measured carbon and nitrogen contents in the milled
powder are only about 10 at. % carbon and 14 at. % nitrogen, or approximately half the required concentrations. From
these observations, it can be assumed that the milled powder
certainly contains the contaminant phase, but only to the extent of about 50%. Since the carbon and nitrogen contents
are not sufficiently high to form the Hf共C0.4N0.6兲 phase homogeneously, it is likely that the milled powder contains
about 50% of the Hf共C0.4N0.6兲 phase and the rest another
phase. But it should be noted that the observed XRD pattern
contains only one phase with the fcc structure and a
= 0.4566 nm. Therefore, it can be inferred that in addition to
the Hf共C0.4N0.6兲 phase, the milled powder contains another
phase with the same structure and lattice parameter. It is very
likely that this additional phase is the fcc allotrope of Hf
formed under the nonequilibrium conditions of MM. But
since the lattice parameter calculated for the fcc allotrope of
Hf is smaller than the observed value, the observed larger
value could be due to the nanocrystallinity of the powder.
Thus, it appears that the fcc phase in the milled Hf powder in
the present investigation can be considered to be a mixture of
the product of an allotropic transformation and a contami-

A phase transformation from the equilibrium hcp structure into the fcc structure occurred on milling pure Hf metal
powder in a high-energy SPEX shaker mill. It was noted that
during milling of the Hf powder, the grain 共crystallite兲 size
decreased to the nanometer level, and there was also significant lattice strain in the milled powder. The formation of the
fcc phase was also accompanied by lattice expansion, leading to an increase in volume per atom by about 6%. Based on
the different possibilities for the formation of the fcc phase in
Hf, viz., effects of temperature, pressure, nanocrystallinity,
allotropic transformation, and impurities, etc., it was difficult
to pinpoint the exact reason for the formation of the fcc
phase. From the available evidence, it appears that the final
powder may contain about 50% of the fcc phase as a result of
the allotropic transformation, and the rest, a contaminant
Hf共C0.4N0.6兲 phase. This conclusion was reached because the
amount of interstitial impurities 共10 at. % carbon and
14 at. % nitrogen兲 was not sufficiently high to form the
Hf共C0.4N0.6兲 phase homogeneously.
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